Abstract -The kinetics of Substitution reactions at such metal ions as nickel (II) are relatively insensitive to the nature of the ligand in aqueous solution, but exhibit a marked ligand dependence in certain nonaqueous solvents. While the kinetics of simple unidentate ligands are consistent with a dissociative interchange mechanism, as in water, ligands such as bipyridine ~nd phenanthroline react either "too slow" or "too fast" in certain solvente.· It is shown that reaction by the flexible ligand bipyridine requires that the two rings be in the cis position, so that the two donor atoms will coordinate essentially simultaneously. The deviations from simple Substitution are attributed to the combined effect of the stability of the outer-sphere complex and the orientation of the ligand in the outer sphere. Both factors are influenced by the donor strength of the solvent, the thickness and openness of the inner sphere, and competition between the ligand and solvent in the outer sphere.
INTRODUCTION
In aqueous solution, the rate constants and activation parameterB for many ligand substitution reactions at metal ions depend only slightly on the nature of the ligand and are similar to the corresponding quantities for solvent exchange. In such cases, the reaction is best represented by a dissociative interchange (Id) mechanism, i.e., an interchange or concerted process characterized by a dissociative mode of activation (Ref. [1] [2] [3] . The mechanism can be illustrated as follows for the reaction of nickel(II) ion with an uncharged, bidentate ligarid: is therefore the rate-determining step for most ligands reacting by an Id mechanism, irrespective of their dentate numbers. The complete rate equations can . . be found elsewhere (Ref.
of the inner-sphere complex. The equilibrium constant, K12,represents the ratio k12/k21 and therefore is the formation constant of the outer-sphere complex. 
where kobs (in sec-1) is the experimentally observed pseudo-first-order rate constant. Hence, a plot of kobs vs.
(Ni2+] should be linear with a slope and intercept equal to kt, f and kt,d• respectively. ·
As shown in Eq. 1, the rate-determining step (process II) in an Id mechanism involves lass of a solvent molecule .from the inner coordination sphere of the metal ion. Hence, the rate constant for this process (k23) should be related to that for solvent exchange (ks) as k23 • fks, where f is the probability that the ligand will enter a particular coordination site vacated by a solvent molecule. Hence, for an Id mechanism the fallowing relationship should apply: (6) However, assignment of a mechanism is complicatedby the fact that evaluation of both fand K12 is uncettain; difficulties have been discussed recent:ly (Ref. [5] [6] [7] . For f, we shall use a value of 3/4 (Ref. 8) , but ather authors have preferred different values. A$ far as K12 is concerned, if .the outer-sphere and inner-sphere complexes are both present in sufficiently high concentrations, both K12 and k23 in principle can be measured, e.g., by relaxation methods. However, this coridition rarely exists. The only examples for nickel(II) ion are with sulfate and methylphosphate ions as ·Iigands,· for which separate experimental values for K12 and k23 were obtained by ultrasonic absorption (Ref. 9) and temperature-jump (Ref. 10) relaxation, respectively. In all other cases·, the only recourse is to estimate values of K12 from the following theoretical relation (Ref. 
Here, Sl represents the center-to-center distance of clasest approach of the. solvated metal ion and the reaction site on the ligand, a2 is the corresponding distance between the two charge ~ for the case Öf a charged ligand, and K is the Debye-HUckel f.unction of the ionic strength, I, 11;iven by · K 2 8 x l0-3~N2 e 2 (e:RT)-lil/ 2
where e: is the dielectric constant of the medium. Other symbols have their customary meaning. It should be noted tha.t Eq. 7 does not allow for specific interactions between the inner and outer spheres, nor does it allow for ion-dipole or any other intera.ctions between the metal ion and the ligand when the latter is uncharged. We shall return to this important limitation.
In testing for an Id mechanism, it is convenient to write Eq. 6 in t;he form (8) where the dimensionless ratio R1 should have a Value near unity, Furthermore, the enthalpy of activation for ligand substit1,1tion should be . . related to that for solvent exchange as follows:
HR.,f s 12 (9) where 6H~2 is the standard enthalpy of forination of the outer-sphere complex and usually (not always) will be negligible. An analogaus expression applies to the entropy of activation. Unfortunately, rate constants and activation parameters for solvent exchange, particularly the latter quantities, are frequently uncertain. This makes the application of Eq. 9 tenuous and aiso adds to the uncertainities already incorporated in.Eq. 8. Nevertheless, these criteria for an Id mechanism are met reasonably well by a large number of labile complexes in aqueous solution (Ref. 1-3, 14} . Typical examples are shown in Table 1 .
~:
In Table 1 and all other tables, data. are for a fernpersture af 25°C, .except where indicated atherwise. Units of 6Ht are kcal mal-, where 1 cal • 4.18 J, and those of The mean value of R1 is 0.25, which could mean that the proper 'value of f is smaller than that assumed, or, as the foregoing dicussion has shown, it could mean any of several other things. The final conclusion is that the data in Table 1 are represented reasonably well by a simple Id mechanism, although some degree of ligand specificity remains unexplained.
In the reaction scheme given in Eq. 1, a direct and crucial role is attributed to the solvent. Consequently, variation of the solvent would be highly desirable. Pioneering work in which this was done was carried out by Pearson and Eilgen (22) and Bennetto artd Caldin (23) . During the past few years considerable additional information has accumulat.ed on the solvent dependence of ligand Substitution kinetics of labile metal complexes, and it has been reviewed recently (Ref. 5). The principal finding has been that the apparently Straightforward behavior of aqueous solutions is not general. While the results generally can be accomodated within the framewerk of a dissociative interchange mechanism, the solvent may influence all three steps of the reaction scheme given in Eq. 1, often·in a complex manner. A broad spectrum of solvent effects already has been uncovered, with water occupying an intermediate position.
The extremes of the spectrum will be examined in this paper.
SOLVENT PROPERTIES AND SOLVENT-EXCHANGE PARAMETERS OF NICKEL(II) ION
Selected solvent properties are listed in Table 2 and solvent-exchange parameters of nickel(II) ion, derived from NMR line-broadening data, are shown in Table 3 . While values of rate constants for a given system at 25"C obtained by different authors generally are in fair agreement, values of activation parameters frequently fluctuate widely. In such cases, assignment of a mechanism for ligand substitution is compromised.
SOLVENT EFFECTS ON SUBSTITUTION KINETICS OF BIPYRIDINE AND SIMILAR LIGANOS
In i968 and particularly in 1971, Caldin et al. (23) presented evidence showing that the simple Id mechanism, as described in the Introduction, cannot fully accomodate the kinetics of ligand Substitution reactions in nonaqueous solvents. Rate constants and activation parameters were reported for the reactions of nickel(II) and cobalt(II) ions with 2,2'-bipyridine and 2, 2', 2"-terpyridine in a variety of solvents. Resul ts obtained subsequently by Bennetto (46) with the bidentate ligand pyridine-2-azo-p-dimethylaniiine (PADA) in the same solvents exhibit, with some exceptions, the same trends. In addition, solvent exchange parameters for several divalent metal ions in a variety of solvents were considered. Results for the formation of the mono-complex of nickel(II) ion with bipyridine, as well as relevant solvent properties, are shown in Table 4 . As criteria for "normal" substitution Bennetto and Caldin (23, 47) cortsidered a quantity n which is equal to the quantity R1 of Eq. 8 with the restrictions that, in~. 6, f • 1 and K12 = 0.1 1 mol-1 for ~11 solvents. They also considered the quantities Milt• llH!, f -llHt and ;Mst = r.s!,f -llS 8 (cf. Eq. 9). Table 4 shows that n, llllHt and t. Bennetto and· Caldin proposed that these correlations could be interpreted in terms of a general structura1 model in which passage of a solvent.molecule from the diserdered region surrounding the solvation sphere of the metal ion into the bulk solvent contributes to the kinetics to the extent that the ligand modifies local solvent structure. We have discussed some of the implications of this hypothesis elsewhere (Ref. 5 & 19) . Ligands such as PADA and especially bipyridine present complications, e.g., their severe steric requirements and their aromaticity and polarity. Simpler ligands are required to establish "norms" for Substitution reactions. In subsequent sections, we shall describe the behavior of such ligands and attempt to fdentify which steps in the reaction mechanism are responsible for the correlationiJ observed by Bennetto and Caldin. It will .be most instructive to focus our attention on two solvents at or near the e.xtremes in the correlations noted, viz., dimethylsulfoxide and ace tonitr ile. (19, 49) and Hoffmann (50), and summarized in Table 5 , established· that the "norm" for substitution by unidentate ligands at nickel(II) ion iri dimethylsulfoxide is a simple Id mechanism. It is particularly significant that the ratio of the rate coristant for thiocyanate or chloride ion to that for pyridine or 4-phenylpyridine is represented well by the ratio of the K12-values (27/0.86 ~ 30) calculated· from Eq. 7 (assuming a • 7Ä), so that estimated k23 -values are virtually conatant. Furthermore, although solvent exchange parameters for dimethylsulfoxide are particularly uncertain (see Table 3 ), it is reassuring that the k23 -values for the f:lrst four ligands listed in Table 5 correspond to a log k8 -value of 3.5 which falls within the range of the NMR data.
In sharp contrast, the kinetic properties of certain multidentate ligands deviate from the norm, as shown in Table 6 . While.the rate conatants for the aminopyridines, which are probably bidentate even in the strong-donor solvent dimethylsulfoxide, are very similar to the norm established by unidentate ligands, the activation parameters do reflect a significant degree of ligand specificity. Furthermore, the rate constants for phenanthroline, bipyridine and terpyridine are smaller than. the norm. and decrease in the above order. Coetzee (5, 19) and Moore (53) must be in the cis position, the structure of the solvent was thought to present a barrier to rotation of the free end of the ligand in the singly-coordinated intermediate and hence to ring closure. The second possibility considered (Ref. 53) was that coordination of the first donor atom is bindered by interference between the adjacent hydrogen atom on the flanking trans pyridine ring and the bulky dimethylsulfoxide molecules present in the inner sphere. We have now established (Ref. 56 ) that neither explanation is quite correct. If first-bond formation by 2,2 1 -bipyridine occurs while the secorid pyridine ring is in the ~ configuration, then this step in the reaction mechanism should be c1Q8ely simulated by the behavior of 2-phenylpyridine. This compound is'a'feeble ligand that does not react significantly with nickel(II) ion in dimethylsulfoxide, in water, or even in the weaker donors 2-propanol arid acetonitrile. However,it does react in the very weak donors sulfolane and· propylene carbonate. In the latter solvent, its: rate constant is 2 1 mol-1 sec-1, which is exceptionally low compared to those of 4-phenylpyridine_(2 x 105) and 2,2'~bipyridine (also 2 x 105). It is clear that, even in propylene carbonate, formation of the complex is subject to severe steric hindrance. However, these steric problems do not _result in particularly fast dissociation of the complex, since the equilibrium constant for its formation is of the order of .!!.uncertain; see Table 3 .
103 1 mol-1, so that k.t,d (which is equsl to k32; see Eq. 1) is of the order of lo-3 sec-1. Now, when increasing amounts of dimethylsulfoxide are added to a solution of nickel(II) perchlorate in propylene carbonate, the formation rates of both the 2-phenylpyridine and the. bipyridine complexes are strongly affected·. Results are shown in Fig. 2 , which also contains Hkely contains four dimethylsulfoxide molecules. Now, it is significant that for 2-phenylpyridine the maximum occurs at a much lower value of Re (1 or · 2). In fact, for 2-phenylpyridine the rate becomes much lower than that in pure propylene carbonate long before the inner sphere can possibly contain more than two or three dimethylsulfoxide molecules. Consequently, the decrease in rate is more reasonably attributed to a lowering of the effective positive charge of nickel(II) ion by the strong donor dimethylsulfoxide than to the large size of the dimethylsulfoxide molecules. This conclusion is substantiated by the fact that addition of acetonitrile, which actually alleviates steric crowding in the inner sphere, affects the reaction rate of 2•phenylpyridine in propylene carbonate in a manner qualitatively similar to the effect of dimethylsulfoxide. Quantitatively, the influence of acetonitrile is less marked than that of dimethylsulfoxide, in keeping with its lower donor strength.
When dimethylsulfoxide is added to propylene carbonate in concentrations higher than those shown in Fig. 2 , it continues to decrease the reaction rates of both 4-phenylpyridine and bipyridine over the entire range of solvent compositions, as shown in Fig. 3 .
-
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Mol Ofo Dimethylsulfoxide 10 mol~% added the decrease is much !arger for the latter ligand than for the former, but between 10 and .100 mol -% the decrease is the same for the two ligands and it remains virtually the same when propylene carbonate is replaced with methylene chloride or benzene.
Our interpretation of the kinetic. properties of bipyridine, 2-phenylpyridine and 4-phenylpyridine in propylene carbonate arid its mixtures with dimethylsulfoxide is as follows. 1. Under all conditions,·the principal mode of attack by bipyridine is with its two rings in the cis position, so that its two donor atoms must coordinate essentially simultaneously. Formation of only one band whiie the uncoordinated ring is substantially out of the. cis position is severely limited by steric hindrance. Furtherinore, it. ia likely that this requirement holde for all solvente.· The rigid moleeule phenanthroHne already has its donor atoms fixed in the cis position and therefore should generally ·'react faster than bipyridine, except in a solvent that has the ability to stabilize the proper orientation of bipyridine in the outer sphere, .e.g., in water by hydrogen bonding t:o the inner sphere. Data presented later (see · Table 8 ) support this hypothesis. 2. · Dimethylsulfoxide is a solvent possessing extended two-dimenaional order (Ref. 5) but it has Httle ability to donate .hydrogen bonds. · It is likely that, in the outer sphere, so much solvent order exists that the bulky solvent molecules interfere with the proper orientation of the bipyridine rings. Furthermore, certain other factors that undoubtedly contribute to.proper orientation of the rings in many other solvents must be unimportant in dimethylsulfoxide. For example, ion-dipole interaction will be weak because the effective positive charge of nickel(II) ion will be significantly reduced by the strong-donor solvent, and because the inner sphere is so tightly packed that no significant decrease in the interaction distance from penetration by the incoming ligand is possible. 3. Returning now to Fig. 3 , the gradual increase in reaction rates of bipyridine and 4-phenylpyridine in the region from 100 to 10 mol-% dimethylsulfoxide probably should be attributed to outer-sphere stabilization in view of Frankel's observation (57) that the rate of dimethylsulfoxide exchange at Ni(DMSO)~+ ion does not vary much when "diluents" such as methylene chloride or nitromethane are added in concentrations up to 90 mol-%. The corresponding data in Fig. 3 can be rationalized by suggesting that addition of the diluent gradually replaces dimethylsulfoxide in the outer sphere with diluent molecules which present less steric hindrance to the incoming ligands. 4. Furtheraddition ofldiluent causes a more rapid increase in rate, particularly for bipyridine. We attribute this to an increase in solvent exchange rate accompanied by a further elimination of dimethylsulfoxide from the outer sphere, so that bipyridine increasingly becomes capable of the proper orientation for coordination.
The mechanism proposed here for the anomalously slow reaction of bipyridine in dimethylsulfoxide contains some elements of mechanisms previously advanced, but with significant differences. We propose that, while solvent structure is indeed important, what is significant is neither the influence of bipyridine on solvent structure (Ref. 23) , nor the effect of solvent structure on the ring-closure step (Ref. 19 ), but rather the influence of the solvent structure in the outer sphere on the proper orientation of the ligand. Furthermore, while steric inhibition of first-bond formation is indeed important (Ref. 53) , it is in fact so severe that the ligand can react only when the two rings are in the cis position, so that both bonds will form essentially simultaneously. In all solvent_s, properorientation of bipyridine in the outer sphere should become increasingly difficult with increasing donor strength of the solvent and increasing thickness and close packing of the inner sphere, unless specific interaction (e.g., hydrogen bonding) occurs between the ligand and the inner sphere.
ABNORMALLY FAST REACTIONS IN ACETONITRILE AND OTHER WEAK-DONOR SOLVENTS
In acetonitrile, the kinetic properties of unidentate ligands are consistent with a simple ld mechanism, as in dimethylsulfoxide, but the properties of bipyridine, terpyridine and phenanthroline contrast sharply with those observed in dimethylsulfoxide. Results are summarized in Table 7 . Whereas in dimethylsulfoxide these ligands react abnormally slowly, in acetonitrile they react faster and with much lower enthalpies of activation than the norm. This abnormal ease of reaction is most marked with phenanthroline and its 5-and 5,6-derivatives, and we have attributed it to exceptional outer-sphere stabilization (Ref. 7, 19, 58, [61] [62] [63] within the framewerk of the general Id mechanism represented by Eq. 1; the possibility of an associative mechanism can be ruled out because the sterically less demanding unidentate ligands show no rate enhancement . . This conclusion is consistent with our discussion of the slowness of the reactions of these multidentate ligands in dimethylsulfoxide. Acetonitrile is a relatively weak donor and its more or less cylindrical molecule fills little space laterally. Consequently, the ion-dipole interaction between nickel(II) ion and the ligand is strong because the effective positive charge of the ion is high arid the interaction distance can be shortened by penetration of the ligand into the inner sp~re.
The outer-sphere complexes of the phenanthrolines are more stable than those of the unidentate pyridines mainly because ion-dipole interaction is promoted by the presence of two donor atoms located favorably and rigidly in the cis position. For the flexible ligands bipyridine and terpyridine there is the partially-offsetting requirement that only the cis orientation is effective in coordination.
The possibility exists that outer-sphere stabilization is also promoted by interaction of the ligand with the polarized acetonitrile molecules of the inner sphere, but it now seems unnecessary to invoke any specific n-orbital interaction (Ref. 58) , because enhanced reactivity of phenanthroline has been observed in other solvents also, as shown in Table 8 . It is particularly significant that the reaction rate of phenanthroline relative to the solvent exchange rate and/or the reaction rate of 4-phenylpyridine is the highest in those solvents (acetonitrile and propylene carbonate) in which nickel(II) ion is solvated most weakly and with the most open inner spheres.
The point of view that the outer-sphere complexes of particularly the phenanthrolines possess "extra" stability is supported by two additional lines ot,A'b!.Q §~..., .... FJ.r~.;; .. tÄe :_&ffect of electron-donating and electron-'withdrawing substituent.s in the 5-and 5,6-positions obeys a Harnmett correlation, as shown in Fig. 4 .. Electron-donating substituents increase the electron density on the nitrogen atoms and therefore promote outer-sphere stability, and vice versa. We have discussed the details of the correla tion shown in Coetzee (58) .
of evidence supporting the view.that t!:e outer-sphere complexes of terpyridine, bipyridine and particularly phenanthroline possess extra stability in acetonitrile comes from the kinetic influence of anionic substituents in the inner coordination sphere of nickel(II) (Ref. 61) . If this extra stability is the result of ion-dipole interaction, as proposed, then .introduction of an anion into the inner sphere should decrease the outer-sphere stability of all three complexes, but particularly that of phenanthroline. Since introduction of an anion into the inner sphere also produces a second, and !arger, effect, viz., labilization of rema:i.ning solvent molecul,es, its kinetic. influence should reflect thenet effect of solvent labilization and outer-sphere destabilization. That these expectations are fulfilled is evident from the results shown in Table 9 > iodide (2.9) > thiocyanate (1.6). Hence, preferential solvation by metbanal occurs with all four anions, and it is most marked with the "hard" anion, chloride ion, which is a good hydrogen band acceptor. Table 9 shows that preferential solvation by metbanal of bound X in NiX"" parallele its preferential solvatieil of free x-, weakening the Ni-X band more and therefore allowing less solvent labilization in metbanal than in acetonitrile in the same order of chloride > bromide > iodide > thiocyanate. ·
We have attributed both the abnormally fast reaction rates observed in acetonitrile änd the abnormally slow rates in dimethylsulfoxide to outer-sphere effects without invoking bulk solvent structure ~ ~· The evidence presented here generally supports the suggestion by Langford (65) who, noting that solvent exchange is insensitive to bulk solvent structure when the entering group, leaving group and nonlabile ligands are all kept invariant, attributed Bennetto and Caldin's correlations to the outer-sphere complexation step.
We shall now briefly return to the question of the validity of predictions based on Eq. 6 and 7. Wehave seen that such predictions are in ressanable agreement with experiment4l values of kt f. for relatively simple unidentate ligands in a variety of solvents, but that predicted values for certain multidentate ligands in a number of solvente are seriously in error. For phenanthroline and particularly for bipyridine and terpyridine in dimethylsulfoxide, the effective value of f in Eq. 6 is much smaller than that based on ~ priori considerations. In contrast, for phenanthroline in most other ergsnie solvents studied, the value of K12 is significantly !arger than that calculated from Eq. 7. A further illustration of the limitations of Eq. 6 and 7 is provided by Table 10 in which observed rate constants are campsred with predicted values for NiS~ and NiClSs in S • methanol. From our previous discussto? it is evident that the good agreement for the reaction of Nisg+ with pheilanthroline is the result of fortuitous cancellation of errors in the calculated value. The rates of reaction of NiClSs with all incoming ligands, but particularly the multidentate ligands, are much lower than predicted. Factars contributing to .the stability of the outer-sphere complex of NiS~+ and the proper orientation of the ligand in it (ion-dipole interaction and hydrogen bonding to the polarized metbanal molecules of the inner sphere) are much less effective in .... ~Value predicted by Eq. 6 and 7 for the following conditions: solvent exchange is rate limiting, and no interaction occurs between the ligand in the outer sphere and either the metal ion or the inner sphere.
the case of NiClS!. Introduction of chloride into the inner sphere generstes inhibition to coordination similar to that encountered when methanol is replaced by a stronger donor solvent, such as dimethylsulfoxide.
A recurring theme throughout this paper has been the demonstrated or expected influence of the donor streng'th of the solvent on the kinetics of formation of metal complexes. It should be noted that the correlation between kinetic parameters and donor strength is not a simple one, because the kinetics are also strongly influenced by steric and other factors. A much simpler correlation exists between dissociation kinetics and donor strength, as shown by Hoffmann (67) . The best guide to the donor strengths of solvents that is presently' available is provided by the donor numbers (Ref . 26 and Table 2 ), but caution must be exercised that these numbers are not used indiscriminately for purposes for which they were not intended. Donor numbers represent the -6H 0 values (in kcal mol-1) for the reactions of the donors with antimony pentach~?ride in 1,2-dichloroethane as solvent. Consequently, they will not necessarily apply to such acceptors as ~ickel(II) ion. For example, the electronic spectra of nickel(II) ion in acetonitrile-propylene carbonate mixtures show that the former solvent is a much better donor towards nickel than the latter, which is the opposite order of that of the donor numbers. Furthermore, it is difficult to adjust donor numbers to the effective values for pure solvents, particularly for those solvents possessing extensive order. It would be desirable to evaluate the enthalpies and entropies of transfer of nickel(II) and similar ions from one solvent to another, preferably based on t~e extrathermodynamic assumption (Ref. 64 ) that the transfer energies of tetraphenylarsonium and tetraphenylhorste ions are equal.
SUMMARY
1. In aqueous solution, the kinetics of many reactions between metal ions and ligands of different chemical types depend only slightly on the nature of the ligand and are best represented by a dissociative interchange (Id) mechanism in which rapid formation of an outer-sphere complex precedes the rate-determining step which is loss of a solvent molecule from the inner-coordination sphere of the metal.
the metal ion, which in turn is determined by the donor strength of the solvent, (b) the interaction distance between the ligand and the metal ion, which is determined by the thickness and openness of the inner sphere and the steric requirements of the ligand, and (c) competition between the ligand and solvent in the outer sphere, in which any specific interaction (e.g., hydrogen bonding) of the ligand with the polarized solvent molecules of the inner sphere will be important. The kinetic properties of 2-phenylpyridine show that coordination of a flexible multidentate ligand such ·as 2,2 1 -bipyridine can occur only when the two rings are in the cis position, so that both donor atoms will coordirtate essentially simultaneously. Formation of just one bond, when the second ring is out of the cis orientation, is subject to severe steric hindrance. One result is that bipyridine reacts möre. siowly than the rigid ligand 1,10-phenanthroline in all solvents, the difference between the two ligands being the smallest in water, in which the proper orientation of bipyridine undoubtedly is promoted by hydrogen bonding to the inner sphere. In dimethylsulfoxide, which is a strong donor and has bulky molecules, the. reactivity of bipyridine and similar ligands is inhibited because factors (a), (b) and (c) are all unfavorable. In acetonitrile and propylene carbonate, which are weak donors and in which the inner sphereli are relatively open, the reaction rate of phenanthroline in particlar is strongly promoted. ·
